Rationale: Microarray technology is widely employed for studying the molecular mechanisms underlying complex diseases. However, analyses of individual diseases or models of diseases frequently yield extensive lists of differentially expressed genes with uncertain relationships to disease pathogenesis. Objectives: To compare gene expression changes in a heterogeneous set of lung disease models in order to identify common gene expression changes seen in diverse forms of lung pathology, as well as relatively small subsets of genes likely to be involved in specific pathophysiological processes. Methods: We profiled lung gene expression in 12 mouse models of infection, allergy, and lung injury. A linear model was used to estimate transcript expression changes for each model, and hierarchical clustering was used to compare expression patterns between models. Selected expression changes were verified by quantitative polymerase chain reaction. Measurements and Main Results: A total of 24 transcripts, including many involved in inflammation and immune activation, were differentially expressed in a substantial majority (9 or more) of the models. Expression patterns distinguished three groups of models: (1) bacterial infection (n 5 5), with changes in 89 transcripts, including many related to nuclear factor-kB signaling, cytokines, chemokines, and their receptors; (2) bleomycin-induced diseases (n 5 2), with changes in 53 transcripts, including many related to matrix remodeling and Wnt signaling; and (3) T helper cell type 2 (allergic) inflammation (n 5 5), with changes in 26 transcripts, including many encoding epithelial secreted molecules, ion channels, and transporters. Conclusions: This multimodel dataset highlights novel genes likely involved in various pathophysiological processes and will be a valuable resource for the investigation of molecular mechanisms underlying lung disease pathogenesis.
Gene expression profiling by microarray technology has become a widely used strategy for investigating the molecular mechanisms underlying many complex human diseases. Lung diseases that have been studied using microarrays include idiopathic pulmonary fibrosis (1, 2) , hypersensitivity pneumonitis (2), nonspecific interstitial pneumonia (2) , chronic obstructive pulmonary disease (3) (4) (5) , primary pulmonary hypertension (6) , asthma (7, 8) , and others. These studies have resulted in many novel observations, and are a promising step toward development of individually targeted therapies (9) . However, microarray studies of human disease have important limitations, including the heterogeneity of human populations and diseases, the inability to manipulate and examine specific pathways in humans, and the limited ability to safely acquire samples from affected tissues.
To overcome some limitations of human studies, many investigators have used microarrays to study animal models. Arrays have been used to study many models, including influenza infection (10) , acute lung injury (11) (12) (13) , bronchopulmonary dysplasia (14) , idiopathic pulmonary fibrosis (15) , bleomycininduced lung injury (16) , and asthma (17) (18) (19) . These studies have their own limitations, as animal models typically exhibit some features of a disease but not others, and sometimes even features that are not components of the human disease being modeled. The search for relevant gene expression changes is further challenged by the identification of very large and unwieldy datasets of differentially expressed genes associated with these animal studies, which result, in part, from the use of genetically homogeneous populations and standardized approaches for inducing disease. These studies typically involve a single animal model, or, occasionally, a small number of models of the same disease. The use of genetically homogeneous populations and standardized approaches for inducing disease and collecting tissue for analysis facilitates the identification of large numbers of differentially expressed genes. In some cases, these approaches have identified individual genes (20) or small sets of genes (19) of special interest. More often, these studies have generated long lists of common gene expression changes (21, 22) , making it difficult to determine which gene expression changes are important for key pathologic features of the disease being modeled, and also how various models relate to one another. In the present study, we hypothesized that relationships between lung gene expression and molecular mechanisms underlying pulmonary disease pathogenesis could be elucidated by comparing gene expression changes seen in a wide variety of models of lung pathology. To this end, we used a novel microarray-based approach using a heterogeneous set of models of various lung diseases, including bacterial infection, fibrosis, and allergic inflammation. By using a consistent approach to study each of these models, and by including a wide variety of models rather than one or two models of a single lung disease, we identified small sets of signature gene expression profiles associated with various forms of lung disease. Many of the genes identified here have not previously been associated with these lung diseases. Some of the results of these studies have been previously reported in the form of an abstract (23) .
METHODS Mouse Models of Lung Disease
Animal experiments were performed at the University of California, San Francisco, Vanderbilt University, and the University of Texas, Houston, and were approved by the institutional animal care and use committees at these institutions. Table 1 provides a summary of the 12 mouse models of lung disease that were used to assemble the dataset, with references to the published protocol descriptions and phenotypes of each. Microarray data from 2 of the 12 models (IL-13 and ovalbumin allergy in BALB/c mice) have been previously reported as part of a study focusing on the role of IL-13 in allergic airway disease (19) , and were reanalyzed for inclusion in the large dataset reported here. Data from the other 10 of these 12 models have not been reported previously. In general, models were analyzed at a single time point, as specified in Table 1 . These time points were chosen based upon previous studies and represent time points commonly used by investigators employing the models for analysis of pathophysiology. The one exception was that we studied mice at both 7 and 21 days after bleomycin injury, as earlier time points have been considered as models of acute lung injury, whereas later time points are used as models of the pulmonary fibrosis model. For each model, experimental groups were studied, along with control groups that were matched for genetic background, age, and sex.
Microarray Studies
Lung RNA from individual experimental or control mice was used to generate fluorophore-labeled cDNA, which was hybridized to 70-mer oligonucleotide microarrays, as previously described (19) . Additional information about the array experiments is provided in the online supplement, and a complete description of the arrays, the experimental protocols, and the raw array data are available from the Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo; accession number GSE4231). A total of 86 arrays (47 experimental samples and 39 control samples) passed quality control and were included in the main dataset.
Microarray Data Analysis
A linear model was used to estimate relative transcript expression (fold difference) for each experimental group compared with the corresponding control group, as described in the online supplement. Genes with missing values were excluded, and hierarchical clustering performed, as previously described (24) .
PubMed Literature Database Mining
The PubMatrix literature mining tool (25) (http://pubmatrix.grc.nia. nih.gov/) was used to systematically determine whether genes identified in our microarray data analysis had been previously associated with lung diseases of interest. Details are provided in the online supplement.
Real-Time Polymerase Chain Reaction
Expression changes of selected genes were verified by quantitative real-time polymerase chain reaction (PCR), using either TaqMan probes or SYBR-Green for detection, as previously described (26) . Gene expression differences were calculated from the mean values for experimental and control groups using the DDCt (delta delta cycle threshold) method and three to four housekeeping genes. Additional details about PCR methods are provided in the online supplement.
RESULTS

Gene Transcript Expression Changes in 12 Different Lung Disease Models
We obtained lung RNA from groups of mice representing 12 lung disease models and used DNA microarrays to analyze expression in these models. These models feature a wide range of disease-inducing stimuli, including infectious agents, toxins, allergens, and transgene overexpression that have varied effects on the lung (Table 1) . RNA samples from individual mice were analyzed on separate DNA microarrays using a standardized protocol performed in a single laboratory. By using a standardized approach to sample processing, array hybridization, and data analysis, we were able to make extensive comparisons within the dataset. A final data set was assembled using results from 86 microarrays. The complete data set is publicly available from the Gene Expression Omnibus (http://www.ncbi.nlm.nih. gov/geo; accession number GSE4231). Analyses of each of the 12 models in the dataset revealed numerous transcript expression changes in each model (Figure 1 ). The average number of statistically significant transcript expression changes within each of the 12 models (experimental group vs. the appropriate control group) was 663 (4% of the 16,463 transcripts represented on the arrays). On average, 460 transcripts had increased expression (including 289 that were increased more than twofold), and 203 transcripts had decreased expression (68 by more than twofold). The largest number of expression changes was seen in Mycoplasma pulmonis-infected lungs, which had 1,573 differentially expressed transcripts, including 812 changes that were twofold or greater. The smallest number of expression changes was observed in Nippostrongylus brasiliensis-infected mice (275 transcripts significantly different from control, including 157 changes that were twofold or greater).
Transcript Expression Changes Observed in Most or All Models
There was a small set of transcripts that had statistically significant changes in most of the 12 different models; 23 transcripts were increased in at least 9 of the 12 models examined ( Table  2) . Although the character of the inflammatory response seen in these 12 models is varied, many of the same transcripts associated with inflammation and immune response activation were induced in most of the models. These include chemokine ligands and receptors and proteins involved in leukocyte recruitment, homing, and phagocytosis, antigen recognition and processing, and in the acute inflammatory-phase response. Several of the genes among this set make proteins that mediate or are mediated by initial host immune responses, including early IFN-g production (Ccl2, Ccr5, Cxcl9, Itgb2, Fcgr3, Ctss), oxidative burst (Ncf1), calcium mobilization (Ccl9, Lilrb4), and chemotaxis (Ccl2). Their up-regulation across most models suggests that these genes may play a role in the more common features of disease pathogenesis, and not the more distinct features associated with individual pathogens. Only one transcript, flavin, containing monooxygenase 3 (Fmo3), a xenobiotic-metabolizing enzyme that is normally expressed in the terminal bronchiolar epithelium of the postnatal lung (27) , was decreased in all of the models. Thus, our results suggest that decreases in Fmo3 expression occur with many lung pathologies, which might lead to altered metabolism of xenobiotics, including drugs and nicotine in several lung diseases. Systematic analysis of the PubMed literature revealed that 19 of the 24 transcripts listed in Table 2 have been previously associated with lung disease(s), but 5 (21%) had no previously reported association with any of the types of lung disease represented by our models (Evi2b, Ms4a6d, 500001M20Rik, 2610307O08Rik, S100a4). LPS aerosolized E. coli LPS (7 ml of 1.0 mg/ml solution of LPS; n 5 2) was delivered to C57BL/6 mice as a continuous aerosol (driving flow rate of 8 L/min) generated by a small-volume nebulizer over 30 min. Mice were killed 4 h after exposure. Controls were the LPS i.p. control mice, as described above.
Neutrophilic inflammation in lungs (53) LPS i.p. E. coli LPS (5 mg/g BW; n 5 3) or saline alone (n 5 3) was administered to C57BL/6 mice via a single i.p. injection. Mice were killed 4 h after injection.
Systemic inflammation 54
M. pulmonis C3H mice were inoculated intranasally with M. pulmonis (strain CT7; 10 5 cfu; n 5 5) or PBS alone (n 5 4). Mice were killed after 7 d.
Chronic inflammation, pulmonary edema, marked airway remodeling
55
M. tuberculosis C57BL/6 mice were exposed to aerosols (5 ml suspension) containing M. tuberculosis (H37RV; 470 cfu; n 5 3) or sterile DI water alone (n 5 3) for 40 min and analyzed 21 d later.
Macrophage inflammation 56
N. brasiliensis BALB/c mice were injected with 500 third-stage N. brasiliensis larvae (n 5 3) or saline alone (n 5 3) at the base of the tail and maintained on water supplemented with antibiotics (2 g/L/neomycin sulfate, 100 mg/L chloramphenicol) for 5 d before being killed.
Th2 cytokine production, eosinophil and basophil influx, goblet cell hyperplasia, airway fibrosis
57, 58
OVA allergy (C57BL/6 and BALB/c) Mice were sensitized with OVA (50 mg in 10 mg alum, i.p.) or with alum alone (controls) on days 0, 7, and 14 and challenged with OVA (1 mg in 50 ml saline) or saline alone (controls) on days 21, 22, and 23. Mice were analyzed on Day 24. For C57BL/6 mice; n 5 3 for OVA and 4 for controls; for BALB/c mice; n 5 5 for OVA and controls.
Th2 cytokine production, eosinophilic inflammation, airway hyperreactivity, goblet cell hyperplasia, elevated serum IgE
19, 49
P. aeruginosa P. aeruginosa (PA103: 5 3 10 7 cfu in 50 ml; n 5 3) or lactated Ringer's solution alone (n 5 2) was instilled intratracheally into BALB/c mice via the oropharynx. Mice were killed 2 h after treatment.
Severe alveolar epithelial cell injury, inflammation, edema formation
59
Definition of abbreviations: i.p. 5 intraperitoneal; OVA 5 ovalbumin; PBS 5 phosphate-buffered saline.
Relationships between the 12 Lung Disease Models
The models we studied were heterogeneous, and could be divided into groups in a number of ways. For example, groups could be defined based upon the nature of the stimulus (infectious organism, allergen, or other) or the duration of the stimulus (acute, subacute, or chronic). Rather than using a predetermined set of groupings based upon selected characteristics of the models, we instead chose to form groups based on similarities in gene expression patterns. Hierarchical clustering was used to examine the relationships between transcript expression changes in the 12 models ( Figure 2 ). Clustering analysis of the 50 most highly differentially expressed transcripts from each model revealed 3 major clusters of expression patterns. A cluster of five models had expression patterns that were similar to one another, but quite distinct from the other seven models. The five models in that cluster were all models of bacterial infection, including three induced by infection with live bacteria (M. pulmonis, Mycobacterium tuberculosis, and Pseudomonas aeruginosa) and two triggered by administration of the bacterial toxin, LPS, either by aerosol inhalation or by intraperitoneal injection. The remaining seven models could be further subdivided into two clusters of two and five models each. The cluster with two models included models that represent different phases (7 and 21 d) of the response to intratracheal administration of the toxic chemotherapeutic agent, bleomycin. These are often used as models of acute lung injury and pulmonary fibrosis, respectively (28, 29) . The final cluster of five models included all three of the allergic models studied (ovalbumin challenge in two different mouse strains and Aspergillus extract challenge), along with mice infected with the nematode parasite N. brasiliensis and mice with transgenic overexpression of the cytokine, IL-13. Increased production and activity of T helper type 2 (Th2) cytokines, including IL-13, are known to be central features of each of these five models.
Although the clustering shown in Figure 2 resulted from analysis of the 50 most highly differentially expressed genes from each of the models, similar clusters were seen when fewer transcripts (25 transcripts) or more transcripts (100 or 200 transcripts) were used for clustering (data not shown), indicating that the relationships between models were reasonably robust. These clustering results suggest that there are patterns of transcript expression changes that are characteristic of the response to bacterial infection, bleomycin-induced lung injury and repair, and Th2 inflammation, and suggested that the data set could be used to identify those characteristic expression changes.
Transcript Expression Changes in Bacterial Infection Models
We used information from all 12 models to identify transcript expression changes that were seen in most or all bacterial infection models, but not in other models. A total of 90 gene transcripts were significantly increased in at least four of the five bacterial infection models, but not in any of the other seven models (Table 3 and Table E1 in the online supplement). A substantial fraction of these (27 transcripts) have a functional relationship with the nuclear factor (NF)-kB pathway, which plays a central role in innate immunity and can be triggered both by LPS (via Toll-like receptors [TLRs] ) and by host cytokines, including tumor necrosis factor (TNF) and IL-1.
Transcripts that were selectively increased in bacterial infection models encoded IL-1a, IL-1b, TNF, an IL-1 receptor (IL-1R2), and the receptor, CD14, which is important for LPS recognition by TLR4. Transcripts encoding MyD88, which is critical for proximal TLR signaling, and several proteins that are related to the TNF receptor-associated factors were also increased selectively in these models, as were transcripts encoding NF-kB2 and Rel, the IkB family member, Nfkbiz, and two NF-kB/IkB regulators (Bcl10 and Map3k8). Several of the transcripts that were selectively increased in bacterial infection models are regulated by NF-kB in various systems (see Table 3 ). Transcripts related to other cytokines, especially IFNs, were also well represented in the set. Many of the genes that were selectively induced in Figure 1 . Transcript expression changes in 12 different lung disease models. Lung RNA samples from experimental and control mice representing all of the 12 models listed in Table 1 were analyzed using microarrays. A linear model was fit using results from all samples to estimate relative transcript expression (fold-difference) and determine statistical significance for each experimental group compared with its corresponding control group. The graph represents the number of significantly differentially expressed transcripts (adjusted P , 0.05) for each model. IP 5 intraperitoneal; OVA 5 ovalbumin.
bacterial infection models have known roles in leukocyte recruitment and activation in various systems. These include chemoattractants, other secreted molecules, cell adhesion molecules, and other surface receptors. For example, the transcript for the chemokine, Cxcl9 (monokine induced by IFN-g), which is a chemoattractant for Th1 lymphocytes, was increased 17-and 65-fold in lungs infected by M. pulmonis and M. tuberculosis. Only two transcripts were decreased in at least four bacterial infection models, but not in any of the other models (Table E1) . These are HOXA5, a transcription factor that suppresses angiogenesis (30) , and D0H4S114, which encodes P311, a protein that may regulate alveolar regeneration (31).
We found that 69 of the 89 transcripts (78%) were associated with bacterial infection in the published literature. However, our systematic review of PubMed found no previous reports of associations between the remaining 20 transcripts (indicated by a '' †'' symbol in Table 3 and '' ‡'' in Table E1 ) and bacterial infection, LPS, or pneumonia. Within the set of five bacterial infection models, the two models with the most highly correlated expression pattern were the aerosolized and intraperitoneal LPS administration models ( Figure 2) . Comparison of expression of all transcripts represented on the arrays showed a high degree of correlation, but there were some transcripts that were highly increased in one of 
Transcript Expression Changes in Bleomycin-induced Lung Disease
We used a similar approach to identify transcript expression changes that were characteristic of the bleomycin-induced acute lung injury (7 d after exposure) and bleomycin-induced pulmonary fibrosis (21 d after exposure) (32) . Only 12 transcripts were significantly increased in these 2 models (7 and 21 d after bleomycin exposure), but were not significantly increased in any of the other 10 models. Because both allergic airway disease and bacterial infections can induce fibrosis, we reasoned that this approach was too restrictive. By including transcripts that were increased in both bleomycin models and in just 1 of the other 10 models, we identified 20 additional transcripts. The 32 transcripts that were increased in both bleomycin models and in at least 1 of the other 10 models are listed in Table 4 . Although the transcript expression changes were all statistically significant, fold change values were mostly modest (z1.5-to 3-fold). In fact, the list includes only 3 transcripts (elastin, pleckstrin homologylike domain family A member 3, and procollagen, type V, a2) that were among the 50 most highly up-regulated transcripts at 7 d after bleomycin, and 3 transcripts (elastin, laminin-a1, and latent transforming growth factor [TGF]-b binding protein) that were among the 50 most highly up-regulated transcripts at 21 days after bleomycin exposure. Nonetheless, previous studies make it clear that a substantial number of the 32 transcripts that were selectively increased after bleomycin exposure have functions relevant to fibrosis. These include seven transcripts that encode extracellular matrix proteins (Lamc2, Lama1, Col5a2, Col18a1, Eln, Emilin1, Fbn1), some of which have already been found to be up-regulated in pulmonary fibrosis (33, 34) . Three additional transcripts are also involved in extracellular matrix formation and remodeling: Loxl2, a member of the lysyl oxidase family of matrix cross-linking enzymes that is already known to be dramatically increased after bleomycin exposure (1); Mmp2, a matrix metalloproteinase implicated in lung matrix remodeling (35); and stratifin, an inducer of the matrix metalloproteinases, Mmp1 and Mmp3. The profibrogenic cytokine TGF-b is believed to be the most important cytokine linked to the induction of pulmonary fibrosis (28) . Our analysis identified one TGF-b superfamily member, growth differentiation factor 15, two TGF-b binding proteins (integrin-av and latent TGF binding protein 2), and follistatin, an antagonist of the injury-repairing TGF-b superfamily member, activin, which blocks pulmonary fibrosis when administered to bleomycin-treated rats (36) . Finally, we found that two transcripts encoding proteins in the Wnt (wingless-type MMTV integration site family) pathway (Wnt7b and Wnt1-inducible signaling pathway protein 1) were selectively up-regulated in the bleomycin models. The Wnt pathway, which regulates cell growth, differentiation, polarity, and adhesion, is key for numerous developmental processes, and has increasingly been implicated in the pathogenesis of diseases, including pulmonary fibrosis (37) . The roles of other transcripts that were selectively increased in bleomycin lung injury, such as Klhdc8a, Nnat, and Psrc1, remain to be explored. We found PubMed reports of associations between pulmonary fibrosis or bleomycin and only eight (25%) of the transcripts that were selectively increased in the bleomycin models. The remaining 24 transcripts (indicated by a '' †'' symbol in Table 4 ) therefore represent novel candidates that may play roles in lung fibrosis. Using a similar approach to search for transcripts with decreased expression, we identified 21 transcripts that were significantly decreased in both bleomycin models and in 1 or none of the other 10 models (Table E2) . The large majority (19/21, or 90%) of these transcripts were not associated with pulmonary fibrosis or bleomycin in our systematic analysis of PubMed. Transcript expression relationships among 12 lung disease models. Hierarchical clustering was performed using the most highly differentially expressed transcripts for each model. For each model, all transcripts with statistically significant expression changes (adjusted P , 0.05) were identified. The 50 differentially expressed transcripts with the largest fold change (either increases or decreases) were selected from each model, resulting in 510 total unique transcripts, and these were used for clustering. IP 5 intraperitoneal; OVA 5 ovalbumin. Data include selected genes that were significantly increased in at least four of the five bacterial infection models, but not in any of the other seven models. Values represent fold change compared with controls.
TABLE 3. GENE EXPRESSION CHANGES CHARACTERISTIC OF BACTERIAL INFECTION MODELS
* Significantly different from controls by t test. † This gene was not found to be associated with bacterial infection in the PubMed database.
The two bleomycin-induced models had surprisingly similar overall patterns of gene expression even though they analyzed gene expression at much different time points after bleomycin administration (7 d for the acute lung injury model and 21 d for the fibrosis model). Studies of additional lung injury models will be required to determine which of these expression changes are selective for bleomycin-induced injury and which are seen in other models of acute lung injury and/or pulmonary fibrosis.
Transcript Expression Changes in Th2 Inflammation Models
The third group included five models with Th2 inflammation. Within this group, the two ovalbumin allergy models (in BALB/ c and C57BL/6 mice) were the most closely related (Figure 2) . However, it is remarkable that other models provoked by very different stimuli-infection with the parasite N. brasiliensis, overexpression of a single Th2 cytokine (IL-13), or a more complex antigen mixture from a fungus (Aspergillus)-also had similar effects on gene expression. We identified 26 transcripts that were characteristic of the Th2 inflammation models (Table  5 ). These include seven transcripts encoding secreted proteins produced by epithelial cells, including the mucin glycoproteins Muc5ac and Muc5b. All but one of these seven transcripts were up-regulated in Th2 models and also in M. pneumoniae infection, which all are characterized by prominent mucus overproduction. Five molecules involved in ion transport were also increased in Th2 models. Some of the 26 transcripts have previously been implicated in the pathogenesis of allergic airway disease and asthma or in additional forms of Th2 inflammation, including acidic chitinase (Chia) (38) (39) (40) (41) , the secreted mucins (19, 42, 43) , the calcium-activated chloride channel, Clca3 (44), 12,15-lipoxygenase (Alox15) (7, 45) , and arginase (Arg1) (46) (47) (48) . Most of the transcripts in Table 5 that encode proteins that are secreted by epithelial cells or are involved in ion transport have previously shown to be induced in response to the direct effects of IL-13 on epithelial cells (19) , which is believed to be central to the pathogenesis of allergeninduced mucus production (19, 49) . There were no transcripts that were decreased in at least four of the five Th2 models and in one or none of the other models. Half (13/26) of the transcripts identified in this analysis were not found to be associated with allergy or asthma in the PubMed database (Table 5) .
Validation of Array-based Transcript Expression Measurements
To determine whether transcript expression changes measured using microarrays could be verified using a different method, we used quantitative real-time PCR to measure the expression of selected transcripts. We had sufficient material available to study three of the bacterial infection models, each of the two bleomycin models, and three of the Th2 models. In the 83 cases in which the arrays showed at least 1.5-fold higher expression of a transcript in a disease model, 75 of the PCR reactions (90%) also showed at least 1.5-fold higher expression (Table E3) . Six of the eight PCR reactions that failed to show at least 1.5-fold higher expression were assays for Zgpat or Atp2a1 (each primer pair was used for the three allergic models), indicating a clear discrepancy between array and PCR results for these two transcripts. Array and PCR estimates of the magnitude of the fold difference often differed. The most dramatic differences were usually seen in cases where PCR measurements showed very large differences and arrays showed smaller differences. PCR typically has greater sensitivity and dynamic range than arrays (50, 51) , and we used a conservative array analysis method (no background subtraction) that tends to underestimate fold-difference. We conclude that array findings of differential expression were very frequently confirmed by quantitative PCR, although the magnitude of the change was often underestimated by the arrays.
Conclusions
The results of the microarray analyses presented here demonstrate abundant transcript expression changes in the context of lung disease. The dataset of transcript expression profiles generated here is publicly available, and will provide a useful resource for investigators studying pulmonary disease pathogenesis. By using multiple models of varying lung disease, we identified transcript expression changes that were common to many forms of lung disease and transcripts whose expression was changed only among specific lung disease models. We described a series of characteristic transcript expression changes for the various categories of lung disease, including bacterial infection, bleomycin-induced lung disease, and Th2 (allergic) inflammation.
We chose to study a wide variety of experimental systems rather than studying a single system, an approach that has some different strengths and weaknesses than other array-based approaches. One important limitation of our approach is that we did not study most model systems at multiple time points, as it would not have been practical for us to do so with so many models. Instead, we generally chose a single time point when there is known to be established pathology, based on previous work by investigators who developed the models and use them to investigate mechanism. Therefore our approach will not detect transient gene expression changes that occur before the time point that we analyzed and may contribute to the development of pathology. A second limitation is that different types of mice were used in different models. Because models included age-, sex-, and strain-matched control animals, we were able to identify gene expression changes due to disease as opposed to those which were simply due to baseline differences between strains. Nonetheless, it is likely that genetic and environmental differences between the cohorts of mice used for the various models complicate the process of trying to identify common features between models. A third limitation is that our set of models included only two ''lung injury'' models, and in both cases the injury was initiated by bleomycin administration. Additional studies will be required to determine which of the bleomycin lung injury-associated gene expression changes seen in our studies are also found in other lung injury models. Like studies of lung gene expression in just one model, our approach is also limited because arrays are not sufficiently sensitive to detect some gene expression changes, and because changes in gene expression that affect relatively small populations of cells within the lung may not be detectable.
The major advantage of the multimodel approach that we used is that it provides a way to generate small lists of genes associated with related groups of disease models rather than a much longer list of genes that are differentially expressed in a single model and may or may not have an association with specific pathological features of that model. It is likely that the relatively short lists generated using our approach are highly enriched for genes that are involved in pathogenesis, based on data from previous studies involving other experimental approaches. Other genes in these lists have not previously linked to lung disease pathogenesis. Based on their consistent and relatively specific associations with specific forms of lung disease, many of these signature genes are good candidates for further study. Our systematic review of the PubMed database of published literature indicated that many of these genes have not previously been associated with the diseases that were represented in the multiple model dataset. Although our analysis approach focused largely on genes that were differentially expressed across groups of models, this kind of multiple model dataset could also be used to identify gene expression changes that are unique for specific disease models. For example, we were able to identify gene expression changes that were different between the intraperitoneal and aerosolized LPS models and give insights into how the route of exposure affects the response to this bacterial component. Some approaches to analyzing array data have relied on selection of the most highly differentially expressed transcripts for further hypothesis generation and testing, but those approaches do not necessarily lead to the identification of disease-specific gene expression changes that are likely to be good targets for therapeutic intervention. In conclusion, the present study shows that the combined analysis of multiple disease models is a powerful method for identifying transcript expression changes that are characteristic of specific pathophysiological processes, even when the degree of differential expression is relatively modest. Data include selected genes that were significantly increased in both bleomycin models and only 1 or none of the other 10 models. Values represent fold change compared with controls.
* Significantly different from controls by t test. † Genes not found to be associated with bleomycin or pulmonary fibrosis in the PubMed database.
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